December 2008 marked the completion of Stage 2B of the Western Corridor Recycled Water (WCRW) Project in South East Queensland, Australia. With a maximum combined production capacity of 232 million litres of purified recycled water a day, it is the third largest recycled water scheme in the world and the largest in southern hemisphere. A seven-barrier approach has been used to ensure very highest quality, safe water is produced at all times for the purpose of indirect potable reuse. Three of these barriers occur in the advanced water treatment section of the WCRW Project: micro-or ultra-filtration (MF), reverse osmosis (RO), and H 2 O 2 /UV advanced oxidation. In addition to providing very efficient disinfection, the advanced oxidation process specifically aims at destroying compounds not fully rejected by RO that are potential health hazards. This includes N-nitrosodimethylamine (NDMA), which is a potential carcinogenic product likely to be formed by chlorination or chloramination of wastewaters. As in many other countries, Australia has adopted a stringent guideline limit for this compound of 10 ng/L in purified recycled water. After 16 months of operations of the WCRW Project's first plant, the advanced oxidation system has been proven effective in removing NDMA and ensuring 100% compliance with the regulation at a controlled cost.
INTRODUCTION
With a growing population, the impact of climate change and the worst drought in recorded history, unprecedented pressure has been placed on South East Queensland's (SEQ) water supplies. Water levels in the dams which supply the region with drinking water fell to historically low levels in September 2007 with less than 17% of the total storage capacity full.
In response, the State Government of Queensland initiated a Regional Drought Strategy in 2005 to secure water supply for SEQ in the present and future. The SEQ Water Grid was initiated, which comprises a network of two-way pipelines to connect major bulk water sources, a 125 ML/day desalination plant on the Gold Coast, and a water recycling scheme in the Brisbane area. This latter doi: 10.2166/wst.2009.665 initiative, the Western Corridor Recycled Water (WCRW) Project, included the establishment of three tertiary advanced water treatment plants (AWTP) that are capable of producing up to 232 ML/day of purified recycled water for industrial use (predominantly cooling for power stations), indirect potable reuse (IPR) and potentially irrigation (Traves & Davies 2008) . In order to guarantee the water is fit for purpose at all times, a seven-barrier purified recycled water (PRW) production cycle is in place, defined below: † Barrier 1: residential/industrial source control including hospital waste † Barrier 2: wastewater treatment plant † Barrier 3: micro-or ultra-filtration (MF) † Barrier 4: reverse osmosis filtration (RO) † Barrier 5: H 2 O 2 /UV advanced oxidation † Barrier 6: natural environment † Barrier 7: water treatment plant disinfection, distribution and quality management.
The WCRW Project's three AWTPs built at Bundamba, Luggage Point and Gibson Island include the critical barriers 3 to 5. MF removes small suspended particles and bacteria. RO removes salt, viruses, pesticides, and other trace organic compounds. Finally, in addition to providing very efficient disinfection, advanced oxidation aims at destroying specific target compounds not fully rejected by RO such as N-nitrosodimethylamine (NDMA).
In order to control biofouling of RO membranes, it is standard operational practice to apply chloramination prior to membrane treatment, which may result in NDMA formation. RO filtration is a known, very effective barrier for removing most of the contaminants that may be present in secondary treated effluent (i.e. pharmaceutical or endocrine disruptor compounds, Snyder et al. 2006) .
However, its efficiency in removing uncharged small molecular weight compounds like NDMA is not as good and various levels of NDMA removal by RO membranes have been reported in the past, ranging from 11 to 56% (Sedlak & Kavanaugh 2006; Plumlee et al. 2008) .
NDMA and N-nitrosodiethylamine are known to induce tumours at multiple sites in rodents exposed by various routes and have been classified as probable human carcinogens (WHO 2006) . Consistent with what has been done in other countries, a guideline value of 10 ng/L was adopted in Australia for NDMA for water recycling schemes 
MATERIAL AND METHODS

Advanced oxidation systems
All three plants are equipped with multi-trains of Troja-nUVPhox TM advanced oxidation systems that include a H 2 O 2 dosing system with online mixing and sequential reactors, each equipped with 72 low-pressure, high output, monochromatic lamps. Table 1 below provides information on the size of the UV systems implemented at each AWTP.
The metric used to design and validate a UV system for a specific contaminant is the Electrical Energy per Order (EE/O). It is a semi-empirical parameter defined as the number of kilowatt hours of electrical energy required to reduce the concentration of that contaminant by one order of magnitude (90% removal) in one cubic meter 
RESULTS AND DISCUSSION
NDMA presence in wastewater treatment plant effluents Concerns over NDMA presence in drinking water first occurred in the mid-eighties in Canada when NDMA levels between 5 and 115 ng/L were found in treated water from the Oshweken water supply (Jobb et al. 1994) . More recent studies have identified NDMA as a disinfection by-product formed during chloramination of wastewaters or surface waters with secondary influent impact (Mitch et al. 2003) . 
Advanced oxidation to remove NDMA in AWTPs
As expected, the RO membranes were not very efficient in removing NDMA as seen in Figure 1 . An average 10% NDMA removal was observed through RO filtration. and 260 nm (Linden et al. 2004) . The presence of NDMA in RO permeate water made it possible to verify the efficiency of the UV system and validate its performance in achieving lower than 10 ng/L of NDMA in treated water at all times.
A specific sampling program was organized to monitor the actual removal of NDMA across the advanced oxidation system at Bundamba and results are shown in Figure 2 .
During this sampling program, NDMA values in the UV treated water were always below the 10 ng/L with most values below 5 ng/L, while the influent concentration could be higher than 200 ng/L, which corresponded to more than 1.6-log removal of NDMA. This consistent and significant higher NDMA removal as compared to the targeted 1.0-log can be explained by an assumed conservative EE/O design of the UV system at Bundamba, in combination with the use of two safety factors: † The End Of Lamp Life factor is used to anticipate on lower UV light emissions by lamps at end of life (80% after 12,000 hours). † The fouling factor is used to compensate for lamps fouling, which considering the aggressive nature of RO permeate water, is unlikely to happen on the WCRW Project.
Between January and October 2008, more than 60 samples were taken for nitrosamines analyses in the final treated water from Bundamba AWTP. None of them exceeded the regulated limit of 10 ng/L for NDMA and 77% of the results were even under the reporting limit set by QHFSS at 5 ng/L. This is a great demonstration that the advanced oxidation system used on the WCRW Project can effectively manage nitrosamines.
Critical control points monitoring
A Recycled Water Management Plan has been developed for the WCRW scheme to ensure that all seven barriers are monitored and controlled effectively at all times to control Alert and critical limits have been set for these parameters. If a critical limit is reached for any of the parameters, the plant automatically shuts down in order no to produce water which quality may be compromised.
Electrical power and chemical requirements
Advanced water treatment plants are often regarded as energy demanding technologies. However, considering the fact that water is treated from secondary treated wastewater quality to standards higher than drinking water with a high level of safety, it is a worthwhile solution for cities facing fresh water scarcity.
An evaluation was made of the ratio of electrical power used by the UV system to the overall electrical power used by the AWTP at Bundamba. The system boundaries used to define the whole AWTP energy consumption were very large and encompassed: † treated wastewater pumping stations † pre-treatment, micro-filtration, reverse osmosis, advanced oxidation and stabilisation; † treated water pumping station to Swanbank Dam † reverse osmosis concentrate treatment plant (nitrification/denitrification) † solids treatment (centrifuges) † administration building.
In a first assessment, the advanced oxidation process was wrongly estimated to contribute to more than 9% of the overall plant energy consumption. This was because of discrepancy in the data that were reported. Over the four-month period considered, the energy used by the UV system accounted for approximately 3.5% of the total energy used by the plant at Bundamba with an average requirement of 0.06 kW-h/m 3 of treated water.
Identically, the cost associated with the consumption of H 2 O 2 in the advanced oxidation process was rationalized to other chemicals used in the plant and accounted only for 4% of the overall chemicals cost. On the other hand, ferric chloride (46%) and sodium hypochlorite (23%) were the two chemicals with the highest contribution to the overall chemicals cost.
CONCLUSIONS
In response to increasing stress on water supply in SEQ, the The conclusions from this study are as follow: † NDMA can be found in secondary treated wastewater when chlorine or monochloramine are dosed. Most results on this study were below the reporting limit of 5 ng/L, but occasionally concentrations up to 21 ng/L could be observed. † NDMA is likely to be formed within the AWTP process by chloramine addition to the water prior to reverse osmosis. This was particularly observed at Bundamba AWTP where monochloramine is formed in the secondary wastewater stream (using ammonium sulphate and sodium hypochlorite dosing directly to this stream) before coagulation.
Initial results obtained on the two other plants where chloramines are dosed after pre-treatment by pre-formed monochloramine (using ammonium hydroxide and sodium hypochlorite in reverse osmosis permeate carrier water) seem to indicate that this process is much less likely to form NDMA (results not presented here). † The reverse osmosis membranes installed at Bundamba AWTP achieved low removal of NDMA, which was
